Infrastructure rehabilitation has been a tremendous challenge for municipalities and public agencies. While several methods exist to allocate a limited rehabilitation budget among a large number of competing assets, no efforts provided solid economic reasoning or justification behind fund-allocation decisions. Thus, this paper introduces a new perspective in infrastructure rehabilitation, inspired by the broad array of concepts available in the science of Microeconomics. The paper discusses four microeconomic theories and examines their applicability in the infrastructure domain: (1) equilibrium between demand and supply to balance economic decisions; (2) utility maximization through equitable return on spending; (3) indifference curves for sensitivity analysis; and (4) loss-aversion behaviour of decision makers. Initial results of a real case study of 1300 pavement sections proved the applicability of basic microeconomic concepts in the infrastructure rehabilitation domain.
INTRODUCTION
One of the main tasks related to infrastructure rehabilitation is to efficiently distribute a limited budget among a large number of assets that are in an urgent need for rehabilitation. Most of the existing procedures endorsed by municipalities and/or proposed in the literature to allocate rehabilitation funds follow one of three methodologies: (1) assign money to the worst assets until the budget is exhausted, i.e., use a simple ranking approach (Shah et al. 2013) ; (2) use a form of benefit-cost analysis (e.g., Szimba and Rothengatter 2012); or (3) to a limited extent use optimization methods (Halfawy et al. 2006) . None of these methods, however, provide economic justification or explanation behind the decisions made. Moreover, none of them address the different preferences/behaviours of the various stakeholders involved in the infrastructure problem. In an effort to address these issues, this paper integrates the two worlds of microeconomics and infrastructure asset management to provide economic justification behind rehabilitation decisions and make them more reflective of the real preferences of all stakeholders. The basic premise of this paper is the analogy between the consumer decision situation of spending a limited income on different expenditure categories and the decision situation of spending a limited budget on a large number of infrastructure rehabilitation needs. The former situation has been studied extensively in the microeconomics domain over the past 200 years to help understand how individuals behave under different circumstances, the variables that affect the individuals' decision making process, etc. As such, this paper investigates the applicability of well-established microeconomic principles and behavioural aspects in the infrastructure domain to enhance decision making.
APPLICABLE MICROECONOMIC CONCEPTS
Basic microeconomic principles, such as equilibrium of demand and supply, consumer theory, market behaviour, etc., have been used successfully since the middle of the 20 th century for understanding the dynamics of economic decisions under different circumstances. Since infrastructure rehabilitation is in its entirety an economic decision, this paper investigates the applicability of four well-established economic concepts to enhance infrastructure funding: (1) equilibrium of demand and supply; (2) the law of equi-marginal utility per dollar; (3) indifference curves; and (4) loss-aversion behaviour. The first two concepts relate to optimization of choices, while the last two concepts relate to decision sensitivity and behavioural aspects. The following subsections describe the four concepts and their potential use in the economic decisions related to infrastructure rehabilitation.
Optimization of choices
Because optimization provides better results, efforts on optimizing fundallocation decisions have been growing (De la Garza et al. 2011 , Mann and Frey 2011 , Hegazy and Elhakeem 2011 . While these efforts provided useful life cycle cost analysis (LCCA) models, none has reported economic justification or interpretation of the optimization results. Accordingly, optimization is often looked at by many industry professionals as a black box that provides no economic explanation for the decisions that may seem counterintuitive. Moreover, optimization is very complex when the number of assets gets larger and requires complex optimization modelling (Hegazy and Rashedi 2013) . The following microeconomic concepts are useful to overcome these difficulties.
Equilibrium of Demand and Supply
The theories of demand and supply (D&S) have been studied extensively in the microeconomics domain to help understand the consumers' reaction to governments' policies such as price controls, budget limits, sales taxes, etc. Typically, D&S curves are used to analyze decisions as shown in Figure 1a . Each point on the demand curve represents the maximum unit price that a consumer is willing to pay for a certain quantity needed. On the other hand, each point on the supply curve represents the minimum unit price that a supplier is willing to accept for a certain quantity needed to be produced (Parkin and Bade 2009) .
The point of intersection of the D&S curves is the point of equilibrium, where both the consumers and the suppliers are satisfied with the equilibrium price and quantity. Assuming the market price of that good has settled at the equilibrium price P*, then the top shaded area in Figure 1a represents the consumer surplus, where the consumer pays less than his willingness to pay on the demand curve. Similarly, the bottom shaded area represents the supplier surplus. Interestingly, the consumer-supplier situation is analogous to the infrastructure situation, where the consumer is the individual user who is willing to pay (taxes) to have well-maintained infrastructure assets. The supplier is the government which is willing to supply rehabilitation services using tax payers' money. As shown in Figure 1b , the Y-axis in the figure represents the public user's willingness to pay for rehabilitation (unit cost), while the x-axis represents the amount of rehabilitation work within a certain category (e.g., pavements). Because the government only administers the tax money and contracts all work at a fixed unit price, the supply curve will have a horizontal shape. Such curves can help optimize the rehabilitation process by considering the maximization of public users' satisfaction (or surplus). Thus, the optimum amount of rehabilitation work can be determined along with the level of taxes that can be acceptable to the public.
In the budgeting literature, limited efforts have studied the utilization of D&S theories in allocating budget/funds among public goods or services. Notably, BenDavid & Tavor (2011) studied the changes in the social welfare (represented as demand surplus) under different levels of demand curves and recommended further detailed studies to optimize government spending, as proposed in this research.
Law of Equal Marginal Utility per Dollar
To optimize fund-allocation choices under budget constraints, consumer theory uses interesting methods to arrive at optimum decisions, other than maximizing the total utility. Microeconomics offers a simple heuristic for arriving at optimum decisions using the "law of equi-marginal utility per dollar". To demonstrate this concept, a simple example from Parkin and Bade (2009) is used. The example is of a consumer who would like to maximize his/her satisfaction from spending a limited income of $40 on two products: Soda cases ($4/unit); and Movies ($8/unit). Figure 2 shows the analysis of six combinations of both soda cases and movies (each in a row) that fully consume the $40 budget (e.g., 8 soda cases and 1 movie; or 4 soda cases and 3 movies, etc.) along with the sum of the total utility associated with each combination in the last column of the figure. To determine which one of the six options is the best, this approach selects the combination that achieves an equilibrium state at which the marginal utility (MU) gained per dollar 
Figure 2. Example on law of Equi-Marginal Utility per dollar
Using this heuristic approach, the optimum combination of choices is determined to be a combination of 6 soda cases and 2 movies where the MU/$ gained from the 6 th soda case equals the MU/$ gained from the 2 nd movie, equals a value of 5, as shown in Figure 2 . In this process, the available money is fully spent by achieving a balanced satisfaction from both products. The main benefit of using the law of equi-marginal utility per dollar (MU/$) is that it can reach optimum solution through justified and fair allocation of money to different categories of spending.
The consumer situation in the soda-movie example is analogous to the infrastructure rehabilitation case, such that the limited income that need to be spent optimally, resembles the limited budget from the tax-payers money that needs to be spent wisely and optimally as well among the various asset categories.. The apparent difference, though, is that infrastructure problems are much huge in size; they involve multiple asset categories and complex relationships related to deterioration, costs, and benefits. A real case study of testing the application of this concept to a pavement network is presented in a later section.
Decision Sensitivity and Behavioural Aspects
Two other microeconomic-based concepts are proposed in this paper to facilitate what-if analysis of infrastructure decisions, and consider behavioural biases in the fund-allocation process, as discussed in the following subsections:
Indifference Curves
Because of the dynamic nature of the infrastructure rehabilitation process, this paper, therefore, proposes the adaptation of the indifference curves concept of consumer theory which visualizes a map of all possible decisions along with the total utility associated with each to be used for What-If analysis. Referring to the soda and movies example, each indifference curve in Figure 3a is a curved line that represents a fixed total utility number, and all the lying points are combinations of goods which the consumer is indifferent about (Parkin and Bade 2009 Figure 2 ) which is almost equal to the total utility of a combination of 6 soda cases and 2 movies (315). The consumer is almost indifferent about both combinations, thus they lie on the same utility curve (i.e., 310) as shown in Figure 3a . By connecting all the combinations that gives similar total utility, the indifference map of curves in Figure 3a is formed. The indifference map shows all the possible combinations, including those below and above the budget limit. Since the consumer is limited by his/her available budget, it is possible to graphically represent the choices that fully exhaust the available budget by plotting the budget line, as shown in Figure 3b . This budget line connects all the combinations of the two products that fully exhaust the budget (i.e., the six combinations in Figure 2) . By intersecting the indifference map with the budget line, it is possible to graphically determine the optimum combination of goods that yields the highest utility (i.e., lies on the highest indifference curve), and also satisfies the budget constraint (i.e., lies on the budget line), as shown in Figure 3b The importance of the indifference curves is their ability to visually articulate the benefits (utilities) of all possible decisions, and also to determine the optimum decision graphically. Moreover, it can be used to test the impact of variation in budget levels on the optimum decision. Therefore, indifference curves have the potential to provide a visual approach to analyze the sensitivity of the optimum choices to various potential changes in the infrastructure problem. An example of applying this concept to a pavement case study will be shown later.
Behavioural Economics
Many decisions in the infrastructure domain involve subjective experiencebased assessments of situations (e.g., prioritization, fund-allocation, etc.), the psychological factors playing an important role in these decisions need to be considered. Behavioural economics is a newly emerging field that tries to examine the impact of psychological factors such as attitudes, biases, and behaviours on decision makers' choices. It challenges the basic assumption of classical economic Budget line connecting the six combinations in Figure 3 models that decision makers are rational and always seek utility maximization. This science originated from the work of Daniel Khanman and Tversky (1982) . In the literature, various researchers (e.g., Gordon 2011, Dawnay and Shah 2005, etc.) discussed several behavioural aspects that can influence decision making, among them, the loss-aversion perspective is the most common. In behavioural economics, loss-aversion refers to people's tendency to strongly prefer avoiding loss than acquiring gain. Researchers discussed example of situations showing that when a problem is defined in the terms of losses, the results would completely differ from if it was defined in terms of gains. For instance, if consuming an extra unit of candy is defined in the terms of a person gaining extra weight, the purchasing behaviour of the consumer will differ from if it was defined in the terms of satisfaction (Bolger and Antonides 2001) . The change in the decision between the case of loss and gain makes it worthwhile to investigate these perspectives on the infrastructure fund-allocation decisions.
In construction, few efforts discussed behavioural or attitude-based issues. For example, Runeson and Skitmore (1999) pointed out that profit/utility maximization is unlikely to always be the goal of construction firms. To incorporate behavioural aspects, this paper examines the Gain versus Loss perspective and its impact on infrastructure fund-allocation decisions in a pavement case study, as discussed later.
CASE STUDY: PAVEMENT REHABILITATION
This case study is a pavement network which was part of an asset management challenge posted at the 7 th International Conference on Managing Pavements (ICMPA 2007) . The pavement network consists of a total of 1293 road sections of two types: urban and rural roads. The information given on each road section include: length, width, Average Annually Daily Traffic (AADT), year of construction, and surface condition assessments (International Roughness Index, IRI, and others). The condition of a given pavement is measured in terms of its IRI as a single parameter that represents pavement performance. Other general information was also given regarding the annual rate of IRI increase (deterioration rate), the max allowed IRI values (trigger levels), the unit cost of various types of treatments, and IRI values before-and-after treatment.
To determine the optimum rehabilitation decisions, a detailed life cycle cost analysis (LCCA) model was developed, including deterioration, repair decisions, cost calculations, IRI improvements, users' vehicle operating costs (VOC), and accumulated yearly expenditures. To optimize both project-and network-level decisions, the Multiple Optimization and Segmentation Technique (MOST) of Hegazy and Elhakeem (2011) has been utilized in this paper due to its ability to handle large-scale problems. An advanced mathematical optimization modelling tool, General Algebraic Modeling System (GAMS), which is suitable to model large-scale optimization problems, was utilized. GAMS uses several solvers, among which, the powerful CPLEX solver (IBM-ILOG, 2009), was used on the case study. The model's objective is to maximize the overall network condition index (average IRI of all assets in all 5-year planning horizon). A Binary decision variable X ij is used to represent the 2-dimensional solution space of N-assets and 5 years. If X ij = 1 for an asset i in year j, then the asset is selected for rehabilitation at this year, and the associated rehabilitation cost and condition improvement would be retrieved from appropriate lookup tables. The available budget constraint per year is $8 million dollars, with an annual interest rate of 6%. Each asset can only be selected once for repair within the planning horizon or not selected. The optimization model determined, for each asset, the best rehabilitation strategy and timing within the 5-year planning horizon. As a result, the network overall condition index was improved by almost 16%, which is substantial, given the limited budget.
Testing Microeconomics Applicability
To verify the applicability of microeconomic concepts in the case study, a microeconomic analysis was performed. The analysis involved testing the optimum solution obtained from the mathematical optimization model to check whether the law of equi-marginal utility per dollar is maintained across the different asset categories. As such, the consumer example of soda cases and movies was mapped to the decision problem of allocating limited funds among urban and rural pavement categories. Therefore, the marginal utility per dollar spent on rehabilitating the last selected asset from each category was computed to check if the equality holds. In this analysis, the weighted condition improvement (CI), in terms of IRI, of an asset resembles the marginal utility (MU). Accordingly, the marginal utility per dollar associated with rehabilitating a pavement section was computed. Table 1 provides a summary of the microeconomic analysis results in each year. In the table, the (MU/$) associated with the last urban and the last rural road sections selected for funding in each year are very close. This approximate equality of marginal utility per dollar proves that optimal results are consistent with the law of equi-marginal utility per dollar among different asset categories. It can be concluded from the analysis that, from a microeconomics perspective, optimum fund-allocation is an equilibrium state in which fair and equitable allocations are made so that the utility per dollar is equalized for all asset categories. This equilibrium, therefore, can be considered as a benchmark condition that must be achieved in order for fundallocation decisions to be economically justified. Visual What-If Analysis Inspired by the indifference curves concept, a proposed What-If analysis approach has been used to visualize a map of all the possible fund-allocation decisions. It extends the "Indifference Curves" (which only represents the choices and their utilities) by adding the associated costs, as shown in Figure 4 . The top part of the figure shows a 2-dimensional contour map of all possible decisions created for the data of year 4 in the planning horizon. The contour map shows color-coded regions of the utility levels associated with the different combinations of urban and rural pavement sections. Each utility level represents a range of the actual total utility associated with each combination (e.g., Level 1 is a total utility range from 1 to 10). The bottom part of the figure shows a set of curves that illustrates the total cost associated with different asset combinations, with the number of rural assets on the xaxis, the total cost on the y-axis, and each curve relates to a certain number of urban assets. For example, the optimum decision for allocating the $8 M in year 4 (according to Table 1 ) is 35 urban and 84 rural sections, reaching a utility level of 7.
Figure 4. Visual What-if analysis
The curves in Figure 4 readily facilitate sensitivity analysis. The decision maker thus can investigate the changes (such as increasing the budget limit and/or the number of assets selected from each category, etc.) that need to be done to reach a combination of higher utility. In essence, Figure 4 provides a new powerful graphical tool that can visualize all possible decisions with total utility and total cost associated with each decision, and determine the impact of changes on decisions and on the achievable utility level, through a simple What-If analysis tool.
Testing the Loss versus gain perspectives
In an effort to examine the applicability of the loss-aversion perspective in the pavement case study, optimization experiments were carried out to compare the traditional approach of maximizing the gain from a limited rehabilitation budget, versus a loss-aversion approach. In the typical gain model, the objective function is set to maximize the utility (gain, improvement in the IRI values) associated with any rehabilitation decision. Summing the utilities associated with asset rehabilitation decisions provides an overall network gain. In the loss-aversion model, on the other hand, the objective function is set to minimize the loss associated with any rehabilitation decision. Generally, loss can be represented in different ways (e.g., loss of asset value, loss of asset's service life, etc.), however, in this paper, the loss due to delayed repairs has been represented as the sum of users' vehicle operating costs (VOC). In this case, the overall network loss is the sum of the VOCs associated with a given combination of rehabilitation decisions. After applying the GAMS network-level optimization models for both the Loss and Gain formulations, the optimum rehabilitation year for each road section in each experiment was determined. The overall network condition, in terms of the average IRI values of all assets among all years, has improved compared to the original condition without any repairs, under a budget limit of $8 Million/year. The comparison of results is shown in Table 2 . Comparing the results of the gain and loss experiments, it can be noted that each has a distinct strategy for allocating the funds. The Loss experiment allocates more funds to larger sections, and therefore resulting in completely different number of funded assets than the Gain experiment. This difference can be interpreted as focusing on a social aspect for the users rather than targeting the authorities' gain. This paper, therefore, proves that incorporating the behavioural aspects of the different stakeholders changes the fund-allocation results and that traditional utility maximization can lead to unrealistic economic analysis. 
